Background. Occupational exposure to cobalt is well established in hard metal manufacture. Cobalt is known to cause contact allergy, asthma, hard metal lung disease, and lung cancer. The relationship between skin exposure and uptake determined in blood has not been extensively investigated. Objective. To examine whether skin and inhalable air exposure to cobalt contributes to uptake, determined as cobalt in blood, in a hard metal manufacturing factory. Methods. The amount of cobalt on the skin found with an acid wash technique, the air concentrations of inhalable cobalt and cobalt blood concentrations were determined and correlated in exposed workers. Results. We found a significant rank correlation for cobalt concentrations on the skin, in inhalable air, and in blood (0.376-0.498). Multiple linear regression showed significant regression coefficients for cobalt skin exposure and blood (B = 0.01, p < 0.05) and for inhalable cobalt in air and blood (B = 49.1, p < 0.001). According to our model based on data from the regression analyses, a twofold increase in skin exposure levels at different air concentrations caused a 3-14% increase in blood levels. Conclusions. Our data suggest that skin exposure to cobalt in the hard metal industry could affect the total uptake at the same order of magnitude as air exposure.
cobalt on the skin can be easily determined with a skin wash technique (5) ; however, more knowledge is needed for biological monitoring of contact allergens (6) .
Exposure to cobalt can also cause other adverse health effects, for example asthma (7, 8) , hard metal lung disease (9, 10) , and cardiovascular diseases (11, 12) . Moreover, the International Agency for Research on Cancer has classified cobalt as a human carcinogen (13) . Reported exposure levels for cobalt in air in the hard metal industry vary from 0.001 to 6 mg/m 3 (14) (15) (16) , and are of the same magnitude as in the Swedish manufacturing industry (17) . Uptake of cobalt by inhalation has long been known (18) ; however, extensive skin deposition and absorption from direct contact with materials containing cobalt and through deposited aerosols (19) (20) (21) and also by ingestion (22) occurs. A Swedish study on dermal exposure measurements in the production of gas turbines and space propulsion components showed dermal cobalt deposition ranging from 0.0013 to 4.5 μg/cm 2 /h (21) . In vitro studies on cobalt-containing powder have shown that cobalt ionizes in the presence of sweat and can penetrate the skin (23) (24) (25) . Correlations between cobalt blood and urine concentrations and cobalt air exposure have been shown (26, 27) . In biological monitoring of cobalt exposure, cobalt in urine reflects the exposure as an average of a longer time period of work shifts, whereas cobalt in blood reflects acute exposure.
Currently, there is insufficient knowledge regarding the importance of dermal exposure in relation to absorption via the respiratory tract in cobalt exposure. The aim of this study was to determine the amount of cobalt on the skin, in the air, and in blood, to determine the relationships between skin exposure, inhalable cobalt air concentration, and uptake expressed as cobalt in blood.
Materials and Methods
The study was performed between November 2007 and June 2009 in a hard metal production company in Sweden. The production process consists of several steps, and the departments included were powder production, pressing, periphery grinding (shape and grade), charging/de-charging, physical vapour deposition and chemical vapour deposition furnaces, process laboratory, warehouse, and inspection. Informed oral and written consent was obtained from each participant. Seventy-two employees participated in the study, and measurements of skin exposure were conducted for 62 individuals. Biological monitoring of cobalt concentrations in blood was conducted for all 72 participants. Skin exposure measurements were performed for 2 h during the work shift.
The time during the work day varied, but the exposure period was the same for all participants. Personal air exposure was measured through sampling of inhalable dust in the breathing zone for an 8-h work shift. Biological measurements to determine cobalt concentrations in blood were conducted on four occasions for each person, but it is the difference between before-shift and after-shift samples that is considered to represent the concentration for the test day. Air, skin and biological measurements were conducted on the same day. The study was approved by the ethics committee of the Regional Ethical Review board in Uppsala, Sweden (Dnr 2007/260).
Sampling, measurements, and analysis
Skin exposure was measured with an acid wash technique (5) . Participants first washed their hands with soap and water, and the areas of interest for the study were then washed with 1% HNO 3 and rinsed with ultrapure water (Milli-Q Gradient; Merck Millipore, Darmstadt, Germany). Cut-off fabric fingers from both a fabric glove and a plastic glove were carefully fixed with tape in order to avoid exposure of the little finger during the exposure period. For right-handed persons, the little finger on the left hand was covered, and for left-handed persons the little finger on the right hand was covered. The participants then worked as usual for 2 h without washing their hands during this period. After the exposure time had elapsed, areas of 3 × 3 cm were marked on the palm and areas of 1 × 2 cm were marked on the thumb, index finger, middle finger and ring finger on the dominant hand and on the little finger on the non-dominant hand. Each marked surface was washed with three pieces of cellulose paper with 500 μl of 1% HNO 3 each (1.5 ml in total). All three patches from the surface were placed in an acid-washed plastic vial (50 ml), which was filled with 23.5 ml of 1% HNO 3 . The flasks were shaken for 30 min, and the liquid was then transferred to a different bottle (50 ml). Three unused scraps were treated in the same manner to serve as a blank. The fluid was analysed for cobalt by the use of inductively coupled plasma mass spectrometry (HP 4500 ICP-MS; Agilent Technologies, Palo Alto, California, USA) (28) at the Department of Occupational and Environmental Medicine, Örebro University Hospital.
Blood samples were collected on four occasions for each participant. The personal exposure measurements of inhalable dust were conducted for 8 h with filters in the breathing zone (29) . A standard analytical procedure for metal analysis for blood samples and air sampling filters was performed with inductively coupled plasma mass spectrometry (HP 4500 ICP-MS; Agilent Technologies) for determination of cobalt concentrations (28) . As controls, samples of whole blood (Seronorm Trace Elements Whole Blood, level 1 and 2; SERO, Billingstad, Norway) with known concentrations of cobalt were used. All analyses were performed by the Department of Occupational and Environmental Medicine, Örebro University Hospital.
Statistical methods
Results concerning individual cobalt skin exposure have been converted to the average of 1 h and reported as μg/cm 2 /h. Concentrations for the thumb, index finger, middle finger, ring finger and palm were added up to represent cobalt skin exposure.
Biological monitoring of cobalt concentrations in blood is presented as nmol/l, and all four samples are included for presentation of the descriptive data. The concentration of cobalt in inhalable air is presented as mass (mg/m 3 ). The blood concentrations used in statistical analyses are based on the difference between before-shift and after-shift samples for each person on the test day, and reflect the uptake of cobalt during a work shift. Cobalt in blood was chosen as a better marker of acute exposure than cobalt in urine, and as more suitable for the investigation of cobalt from inhalation and skin.
For cobalt on skin, and biological monitoring of cobalt in blood and cobalt in air, standard parameters such as arithmetic mean, median, standard deviation and range are presented. Statistical analysis includes only individuals for whom sampling of skin, sampling of blood and personal air exposure measurements were carried out. Rank correlation was quantified by the use of Spearman's rho for the relationships between skin, blood and inhalable air cobalt concentrations. Simple linear regression analysis was further used to study relationships between cobalt concentrations in blood and on the skin and in inhalable air, respectively. In addition, multiple linear regression analysis was used to study the relationships between cobalt in blood, skin exposure and inhalable air exposure together. Cobalt blood concentration was the dependent variable, and skin and inhalable air cobalt concentrations were the independent variables. Two outliers, representing accidental/extreme process situations, were excluded from the analyses. The concentration data used in our analyses are continuous, and parametric tests were used. The data used in our regression analyses were normally distributed as determined by residual plotting of predicted values and studentized residuals and by kernel density plot. All regression analyses were performed with original values. On the basis of the regression analysis, we also present data on the effect of changes from air and skin exposure concentrations on the uptake presented as cobalt in blood. All statistical analyses were performed with SPSS 17.0 software (PASW Statistics Chicago, Illinois, USA). 
Results
The study sample comprised all 'working ages' and more men than women (Table 1) . Almost 50% of the participants had been employed for >10 years, and one-third have had the same work tasks for >10 years. In previous years, there were cases of contact allergy and eczema in the production plant. However, these persons were relocated and were not working at positions where they might handle cobalt during the study period. As a consequence, none of the workers included in this study has reported eczema. Skin exposure measurements were performed on 62 persons, and six samples per person were taken, with one blank sample serving as a control. The concentrations on the thumb, index finger, middle finger, ring finger and palm were summed to achieve a measure of the total dermal exposure for the hand (Table 2) . Cobalt skin concentrations ranged between 0.046 and 100 μg/cm 2 /h, and the highest concentrations were found in the pressing department (mean: 29 μg/cm 2 /h) and the powder department (mean: 3 μg/cm 2 /h). The concentrations for fingers varied widely among individuals, but, as a tendency, the thumb had a slightly higher value, and values then decreased from the thumb to the ring finger (not shown). Cobalt was found in all types of samples, including the finger considered to be unexposed.
Blood levels for cobalt varied between <3.2 and 110.3 nmol/l (mean: 7.95 nmol/l) ( Table 3 ). Only 1% of the samples exceeded the Biological Exposure Index (BEI) (17 nmol/l) set by the American Conference of Governmental Industrial Hygienists (30) , and 4% were below the detection limit (3.2 nmol/l). Personal air exposure measurements of cobalt concentrations in inhalable air were consistently low, ranging between 0.000028 and 0.056 mg/m 3 (mean: 0.0030 mg/m 3 ), and 6% of the samples exceeded the Swedish Occupational Exposure Level (OEL) (0.02 mg/m 3 ) set by the Swedish Work Environment Authority (31). The rank coefficients for blood and skin, blood and inhalable air and skin and inhalable air ranged between 0.376 and 0.498, and all were significant (Table 4) . Linear regression analysis was used to investigate whether skin exposure affects the uptake in relation to the established uptake via inhalation. The relationships between skin, air and blood concentrations were examined (Table 5 ). With simple linear regression analysis, cobalt blood concentrations were regressed on skin concentrations, and a significant regression coefficient was found (B = 0.009, p < 0.05). When both the skin data and inhalation data were included in a multiple regression analysis, a lower regression coefficient was obtained for cobalt in blood and on skin than for cobalt in blood and in inhalable dust [B = 0.010 and B = 49.1, respectively, both significant (p < 0.05 and p < 0.001, respectively]. In a further attempt to predict how the cobalt blood concentration depends on skin exposure as compared with air exposure, we used a regression formula (Table 6) . Furthermore, we present data on how a decrease (increase) in air exposure concentration would affect the uptake in blood as compared with how much a decrease (increase) in skin exposure concentration would influence it. A twofold increase in cobalt skin exposure from 6 to 12 μg/cm 2 /h at a given air concentration (0.01 mg/m 3 ) caused an 8% increase in cobalt blood concentration. A fourfold increase in skin exposure concentration caused a 14% increase in blood concentration. For increasing cobalt air concentrations (0.02 and 0.04 mg/m 3 ), corresponding increases were seen (3-9%).
Discussion
We investigated the relationship between skin exposure to cobalt, cobalt in inhalable air and the uptake expressed as cobalt in blood. Skin exposure levels were in line with those in other studies, and air levels and biological monitoring of cobalt in blood showed that only 1-6% of the samples exceeded the current OEL and BEI. In the present study, measurements of skin exposure and inhalable air and biological monitoring were all conducted on the same day for each participant, and the data can therefore be used to assess relationships. The results showed a significant correlation between cobalt skin exposure, inhalable air concentrations and cobalt in the blood (Spearman's rho 0.376-0.498). Significant regression coefficients was also seen when multiple linear regression was applied for inhalable cobalt in air and cobalt in blood (B = 49.1, p < 0.001), and for cobalt skin exposure and cobalt in blood (B = 0.010, p < 0.05). Using our multiple linear regression data in order to investigate the influence of skin concentrations on the uptake of cobalt in blood, we saw a relationship between cobalt skin and air concentrations. When cobalt skin levels were doubled at a given air level, the blood levels were increased by 3-13%, and a corresponding increase in inhalable air levels caused a 40-80% increase in blood levels. To our knowledge, our study is the first to assess cobalt levels in the hard metal production industry by conducting simultaneous measurements of skin exposure, and biological monitoring of blood and personal air exposure. Exposure was investigated for all departments and workers likely to be exposed to cobalt. In a Swedish study measuring skin concentrations of cobalt, using acid wiping during the production of gas turbines and space propulsion components, levels ranged from 0.0013 to 4.5 μg/cm 2 /h, the highest concentrations being found on the fingers and palm (21) . For the majority of our cobalt skin samples, levels are in line with those in this Swedish study, ranging between 0.046 and 100 μg/cm 2 /h, but with a few samples showing higher concentrations. Biological monitoring of cobalt in blood at a hard metal alloy factory showed levels of 2.3 μg/l (geometric mean) (14) , which are also in line with our levels ranging between <3.2 and 110.3 nmol/l. Only 1% of our cobalt blood samples exceeded the BEI (17 nmol/l). As compared with other studies reporting cobalt air exposure concentrations of 0.001-6.4 mg/m 3 (15) and 0.0009-0.12 mg/m 3 (32), our cobalt levels (0.00003-0.056 mg/m 3 ) seem to be very low, which is most likely attritubale to the production techniques used. Our statistical analyses showed a significant correlation between cobalt in blood and cobalt air levels, which has also previously been shown (26, 27, 33) . A significant correlation was also found for cobalt in blood and skin exposure concentrations. This confirms the significance of cobalt skin exposure in addition to inhalable exposure for the uptake of cobalt in blood. Furthermore, our model reaffirms the results regarding the skin uptake contribution to the total uptake of cobalt in blood. A twofold increase in cobalt skin exposure concentrations caused an increase in blood levels of 3-14%, and a corresponding increase in air concentrations caused an increase in blood levels of 39-83%. The magnitude of the impact on blood levels was greater when the skin exposure was higher. This model shows that exposure via inhalation is of greater importance, but also that exposure via skin plays an essential part as a route of entry.
It is intriguing to investigate the importance of skin uptake, as air levels are consistently low, and the majority of our measurements are below the Swedish OEL of 0.02 mg/m 3 for cobalt in the inhalable air fraction. Despite low measured air concentrations, biological monitoring of cobalt in blood shows relatively high concentrations. It is known that cobalt penetrates the skin (25) , and in experimental settings a correlation is seen between dermal exposure to cobalt and the increase over time in urine cobalt concentrations (34) . This shows the importance of exposed skin has as a route of entry.
Another possible route of entry, which is less studied than inhalation and skin contact, is via ingestion. Unintentional ingestion consists mainly of hand-to-mouth contact, and is therefore closely related to dermal exposure (22, 35) . It may partly explain our finding of low cobalt air levels with relatively high concentrations in our biological monitoring. A study conducted under poor hygiene conditions showed a lack of correlation between urinary cobalt levels and cobalt levels in ambient air, suggesting the contribution of dermal exposure or gastrointestinal absorption as a considerable route of uptake (19) .
The methods used in our study are well established, and the acid wash technique for assessment of dermal exposure that we used was developed by Lidén at the Karolinska Institute (5). It is non-invasive, the actual sampling is relatively simple, and it is suitable for measurements in industrial settings involving work with metals. Sampling can be performed in well-defined areas, and the size and number of measurement areas can be adjusted as desired. The technique also has a high recovery (5, 36) .
Biological monitoring of cobalt in blood was conducted at the end of an 8-h work shift after 2-4 days off work, and the difference between before-shift and after-shift samples was used as a measure of uptake. The elimination of cobalt shows a rapid phase of a few days, and a second slow phase of several years. The majority is excreted in the rapid phase (37, 38) ; therefore, in order to measure the current exposure and relate it to dermal exposure and air concentrations, the measurements should be made immediately after exposure. Biological monitoring of cobalt in blood is a well-established technique, and studies have shown that the determination of cobalt concentrations in blood and in urine can be applied as an estimator of exposure (26, 27, 39) .
The measurement of cobalt in the inhalable dust fraction was performed according to international standards (29) . The technique of measuring skin exposure in our study involves removal of the contaminant from the body, and small areas on the body where exposure is estimated to be large are measured, and therefore used as a concentration-time value. The area representing skin exposure, the hand, could be considered a limitation, as we do not take into account the total body surface area and the possible differences in exposure there might be owing to, for example, coverage by clothing. There are other methods for skin exposure measurement, such as tape stripping, which also involves direct removal of the contaminant, and recovery from clothing, gloves, or patches. Another option is whole body estimation of concentrations with a fluorescence tracing technique, which also makes it possible to see the pattern of the contaminant on the body (40, 41) . None of the techniques takes into account the penetration rate of the substance through skin, and no permeability constant is set.
Conclusion
On the basis of exposure data in the hard metal industry, a significant correlation between cobalt skin and air exposure and uptake, determined as cobalt blood concentrations, has been identified. According to our results, a twofold increase in cobalt skin levels causes a 3-14% increase in blood levels, and the corresponding figure for air exposure was 39-83%. Previously known uptake via inhalation is an important route of entry, but uptake via the skin should not be disregarded.
